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FOREWOKD 


Th« wort detcribsd in tliis report wee perforaed in enpport 
of tbe Infrared Radiation Aatronoaioal Satellite (IRAS) profraa. 
A. Oiandoainico and C. S. Guernsey, both aeabers of the Jet 
Propulsion Laboratory, perforaed the testing of the nozxles, 
which were furnished by Ball Brothers, Inc., Boulder. 00., on the 
Nicropound Extendable Range Thrust Stand (MERTS) at the RCA 
Corporation facility in New Jersey. 

The effort described is ar independent approach of the 
evaluation of the aperture cover tank nozzles for the IRAS space- 
craft. It uses the raw test data of the flow tests of the five 
nozzles furnished by Ball Brothers, Inc. and the strip chart 
recordings generated during the testing of the nozzles on the 
MERTS thrust stand. The saae test data obtained with the MERTS 
device have been employed in another independent evaluation by C. 
S. Guernsey. 

At the time of publication of this report, the IRAS space- 
craft has been in orbit for several months. The attitude of the 
spacecraft has been maintained stably. 
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ABSTRACT 


The influence of coefficients for the three axes of the 
Infrared Astronomioal Satellite (IRAS) were established to deter- 
mine the maximum allowable thrust difference between the two vent 
nozzles of the Aperture Cover Tank (ACT) Low Thrust Vent system 
and their maximum misalignment. Test data generated by flow and 
torque measurements permitted the selection of two nozzles whose 
thrust differential was within the limit of the attitude control 
capability. Based on thrust-stand data, a thrust vector mis- 
alignment was Indicated that was slightly higher than permissible 
for the worst case, l.e., considerable degradation of the torque 
capacity of the attitude control system combined with venting of 
helium at its upper limit. The probability of destabilizing the 
IRAS spacecraft by activating the venting system appeared to be 
very low. The selection and mounting of the no: ^les have satis- 
fied all the requirements for the safe venting helium. 
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SECTION 1 


INTRODUCTION 

A new Earth~orbiting instrament wes eetenbled that can probe 
tbrongh space seeking celestial phenoaena that are invisible to 
the eye but glow in the infrared. This instruaent which has an 
array consisting of 68 infrared detectors is called the Infrared 
Astronoaical Satellite (IRAS). The heart of IRAS is a 60-centi*' 
aeter infrared telescope. It is supercooled to 2 K giving it an 
unprecedented sensitivity to celestial infrared radiation. The 
telescope and its associated coaponents are cooled by snperfluid 
heliuB which is carried on the spacecraft in a dewar. After the 
heliua has absorbed theraal energy in the fora of sensible heat 
and latent heat of vaporization, the gaseous heliua has to he 
expelled. Therefore, during the tiae of its active operation, 
the Infrared Astronoaical Satellite aight be exposed to a dis- 
turbance torque resulting froa venting heliua through the Aper- 
ture Cover Tank (ACT) Low Thrust Vent (LTV) system. This torque 
could destabilize the spacecraft if it exceeds the correction 
capacity of the attitude control systea. The torque can be 
caused by iapingeaent of vented heliua on spacecraft surfaces, by 
asyaaetrical positioning of the vent nozzles, by thrust vectors 
which are not aligned with the ideal nozzle axis and by a differ- 
ence in the thrust vector aagnitude of the two opposing vent 
nozzles. 

The attitude control systea employs three identical reaction 
wheels which are aounted with their axes mutually perpendicular. 
The reaction wheels exert a aaxiaua attitude control torque cf 
0.2 Na on the satellite as well as store an angular aoaentua of 
the satellite of at least 14 Nas. 

The analysis presented in this report established the upper 
limits for the aisalignaent of the two nozzles and the aaxiaua 
thrust difference, between them by evaluating the relative influ- 
ence coefficients for the attitude control liaits in the three 
axes of the spacecraft. 

At the anticipated venting rate the allowable thrust diffe- 
rence between the two vent nozzles could not exceed about 1 
percent of the thrust of a single nozzle. Therefore, the se- 
lection of two fabricated nozzles could not be based on aeasnred 
as-machined dimensions and sonic flow rates alone, but con- 
firmation by actual thrust aeasureaents was noeded. Differential 
thrust data for various pairs of five ACT nozzles were generated 
with the Nicropound Extended Range Thrust Stand (NERTS) at the 
Governaent Systems Division, Astro-Electronics, of the RCA Cor- 
poration in Princeton, New Jersey. The test results were evalu- 
ated for their usefulness in establishing the actual aaxiaua 
thrust mismatch between two selected nozzles and the probable 
aisalignaent of the thrust vectors. 
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SECTION 2 


DEIEBMINATION OF INFLUB^CE OOEFFICIQ4TS 
2.1 ACT Nozzle 

TEe two ACT nozzles thronfA which helina is to he vented 
have been deslfned with the followini noninsl dinensions: 


Throat diameter, inch 

0.0612 

k 

Exit diameter, inch 

0.118 


Expansion angle, deg. 

15 



2.2 Basic ThezBiodynaBic and Fluid Dynaaiio Relationa 

The nominal flow rate through each nozzle is given by: 

♦- {(yM/E)[2/(t+1)1<T+1)/(t-1))1/2a^P^/1^/2 

where # flow rate, g/sec 

M molecular weight, g/mole 

1 gas constant. 8.31439x10^ erg/mole-E 

y specific heat ratio of helium. 1,6661 

throat area, om^ 

2 

pQ stagnation pressure, dynes/cm 

Tq stagnation temperature. K 

The nominal thrust produced by each nozzle is given by 
F - W^J'2{[2yl/M(r-l)]tl-(p,/Po)^1^"^>/l^])l^* <Pe-Pa>\ 
where F thrust, dynes 

Pg exit pressure, dynss/cm^ 

2 

p^ ambient pressure, dynes/cm 

A^ exit nozzle area, cm^ 

The nominal exit preasure pg ia found from the relation 

At/A. - [(rH)/2ll/<Y-l>p,l/Y{[(y+i)/(y-i)J(i-p^(T-l>/Tl)l/2 (j) 

where p, - p./p. 
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If til* •ablvat prettuT* ii ■stsa«d to b* B«gli|lbly 
•■all, i.«., pg ■ 0» tb* &oaii\al tbruat F|^ of tb* ACT aoxilot ii 

- 9.4135x10* ♦ tJ/* dyne* (4) 

2.3 Effoct of Boundary Layer on Total Ibrust 

Tbe affect of tbe boundary layer on tbe tbrnet of tb* ACT 
Boxxlee was evaluated wltb tbe Boundary Layer Progran (Bef.l). 
Tbe difference between tb* actual tbruat, wbicb takea into ac- 
count tb* effect of tbe boundary layer in tbe expansion section 
of tbe uoxzle, and tbe ideal tbrust wbicb is solely based on the 
above presented ideal tberaodynanic and fluid dynnalc relations, 
is shown in Figure 1 as a function of the flow rate W. At a flow 
rate If ■ IS ag/aec tbe actual tbrust might deviate froa tbe ideal 
tbrust by about 10 percent. In Figure 2 tbe tbrust deviation of 
tbe actual noxxle tbrust from the ideal tbrust is shown for two 
ACT noxxles. Tbe noxxles whose thrust values are being conpared 
vary solely in tbe length of their expansion section as expressed 
by tbe difference in tbe exit dianeters. Tbe difference in 
length assumed for these calculations is within tbe indicated 
machining tolerances for this dimension. Tbe absolute thrust 
mismatch that coul i result from the assumed variation in tbe 
noxxle exit diameters is shown in Figure 3 . 

2.4 Influence Coefficients 

2.4.1 Coordinates and Coordinate System of IRAS Spacecraft 

Tbe two ACT noxxles have been placed on tbe spacecraft as 
indicated in Figure 4. The axes of tbe two noxxles lie parallel 
to tbe y-azis of tbe spacecraft, i.e., tbe inclination B to tbe 
z-z plane is zero degree and tbe inclination 0 to the z-azis in 
tbe X’-y plane equals -t-90^ and -90^ respectively. The coordinates 
of tbe centers of tbe nozzle exit planes are given in Table 1 
with tbe location of tbe center of mass of tbe spacecraft. 



X, cm 

y, cm 

z, cm 

Noxxle #1 

297 

101 

0.0 

Nozzle #2 

297 

-101 

0.0 

Center of 

Mass 124.1 

-1 

1.2 

Table 1 

Coordinates of 

tbe ACT Nozzles 

and the C 


Mass of tbe IRAS Spacecraft 
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THRUST F, dynes 



Figure 1 ACT Nozzle Thrust Characteristic 
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Figure 2 Deviation from Ideal Thrust Due to Boundary Layer 
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TOTAL MASS FLOW RATE mg/sec 


Figure 3 Analytically Predicted Thrust Differential 
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NOZZLES 

DIMENSIONS IN METERS 
Figure 4 IRAS Spacecraft Coordinate System 
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During venting of heliuB through the two nozzlei the spece- 
creft'e ettitude vill renein undisturbed only, if the torques 
around each of the three exes which ere produced by the two 
nozzles ere equal end opposite to each other. In order to 
achieve this ideal condition the nozzles are to be located such 
that their axes lie parallel to the y-axis at an equal distance 
froB the x-z plane. Furtheraiore the two nozzles were to have the 
sane physical configurations so that the flow rate as well as 
the expansion ratio would be equal, thus producing the sane 
thrust at a given total flow rate Wj of heliun. 

The ideal conditions of perfect alignsient and equal thrust 
of two nozzles can be realized only within the limits achievable 
by machining accuracy and specified tolerances. Therefore, the 
torque due to deviations from ideal alignment and nominal size of 
the thrust vectors has to be evaluated by determining the influ- 
ence coefficients for each of the three par.aetars, the inclina- 
tion 0 from the x-y plane, the inclination 0 from the x-axis in 
the x-y pi fine, and the deviation from the nominal thrust Fg. The 
transformation equations and their derivation for transforming 
the spherical coordinate angles 6 and 0 to the coordinate angles 
a and 0, where a is the cone angle and 0 is the clock angle for 
the nozzle, are presented in Appendix A. 

2.4.2 Torques Around the Three Major Spacecraft Axes 

The torques around the three major coordinate axes, T^, T^., 
and T^, which are due to the thrust F^, of nozzle n are 


Tux “ *^ny<*n " *c> + *^nz^yn " Tc> 

V “ ^nz<*n - *c> *^ni<*n “ *c> 

^nz ^nx^Tn ” ^c^ *^ny^*n “ *c^ 

where the x, y, z components of the thrust vector F^^ are given by 

Fnx “ Pn cos9||COs0q (0a) 

V = F^cose„sin0^ (6b) 

Fnz = Fn»i“®n 


By inserting relations 6a, 6b and 6c into relations Sa, 5b 
and 5c the final torque relations for the three major axes are 
given by 


'*^nx “ *^nf^yn " yc^*^“®n <*n " *c^®°*®n»i“*nJ 

^ny “ *^n^^*n "*c^®®*V®»*n + <*n ” 

’’nz “ ^'nf^^n “»c^®°*®n»^“^n “ yc^®®*V°»®nJ <^®> 
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By partial differentiation of relation 7a with respect to 
the three variables, F., and the following relation is 
obtained 

«= I<yn “ yc)*i»®n <*n “ *c^®o*®n*^“®nJ^^n 
*^n^<yn “ yc^®o»®n “ ^*n ~ *c^*^“®n*i”®nJ<*®n 


+ ^n<*n " *c^®°*®n®o*^n^®n 

When setting the differentials of relation 8 equal to the 
differences and considering that 

“ 0° «9a) 

and 

0^ = *90® (9b) 

^^nx “ ^'n^yn “ yc^^^n ■*■ ^*n ” *c^^n 

Similarly, the differential torques around the y-azis and 
the z-azis can be derived. 

= ■ *"n<*n - *c>A®n + Fn<*n “ *c>A«n 
^Tnz “ <*n “ *c^^n “ ^n^yn “ yc^^^n ^^®®^ 


Frosi relations 10a, 10b and 10c the absolute influence 
coefficients Cinp, and Ci „0 for the three major variables of 
each nozzle are found to be as shown in Table 2. 


Torque 

Deviant^\.^^ 

^nz 

T 

^ny 

^nz 

AF 

n 

(*n “ *cJ 


(»n - *c> 

AOg 

Fn<yn “ yn^ 

*^n<yn ■ yc^ 


A0 



*^n^yn “ yc> 


Table 2 Influence Coefficients of the Three Major Nozzle 
Parameters 


The torque aroun'' a single axis can be generated by a 
positive deviation, i.e., a thrust increase of AFg as well as a 
negative deviation, i.e., a thrust decrease of AF^. Whether the 
thrust deviation is positive or negative the resulting torque due 


9 











ORIGINAL PAGE IS 
OF POOR QUALITY 


to the devietion of a tingle nozzle cannot be pezaitted to exceed 
one half the attitude control capacity T of the apacecraft fox a 
given axil. When lotting the torque indvced by a tingle nozzle 
deviation equal to one half of the torque correction capacity T.* 
i.e., 

ATm - TJ2 (11) 

and lubititnting thii into relatione 10a, 10b, and 10c, the 
abaolute valuei for the naxinuB allowable deviationi of the three 
paraneteri are eitabliihed. Theie abaolute valuea for the three 
paraaetera. the thruat the inclination 0^, and the inclina- 
tion 0Q, are tabulated in Table 3. 


Torque 

Deviant^\^^^ 

T 

nx 

Tny 

^nz 

AFj^, dyne a 

Tcx^^ *n“*c^ 


T'cx/(*n“*c^ 

AFn/Fn* 



T„/(P.(x„-x,» 

AOg, deg. 

^cx/t*^n^yn"yc>J 

Tcy/ lFg(Xg— Xg) ) 


A0g, deg. 



Tgy/(Fn(Zn-2c)J 

1 



Table 3 Allowable Deviation! for the Three Major Nozzle 
Paraaetera 


The Boat general expreaaion for relating the aaxiaua devia- 
tioni of the three aajor paraaetera, AFg, AOg and AWg ,for the 
three axea of the apacecraft with the control capacity of the 
apacecraft it 

^ca ' Cjg^AFg + + Cj^gAOg (12) 

where n b x, y, z 

The aaxiaua allowable deviation! and their coabinationa of 
the three aajor variable! Fg, Og, and Og for the three torque 
axea of the apacecraft are preiented graphically for an attitude 
control capability Tg * SxlO^ dynea-ca in Figure! 5 through 8. 
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Figure 5 Upper Bound for Torque Around the X - Axis 
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TORQUE CORRECTION CAPACITY T = 5x10 dyn-cm 
GAS TEMPERATURE T = 295K 
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Figure 8 Upper Bound for Torque Around the Z-Axis ( AF/F and 0 } 



SECTION 3 


EXPERIMENTAL EVALUATION OP ACT NOZZLES 

3.1 General Approaoh 

In section 2 of this report the naziann peraiseible devi- 
ations of the three aajor nozzle paraaeters, the abaolnte thrust 
and the two anfular deviations froa the noainal thrust vector 
direction. 6^^ and as iaposed by the liaited capability of the 
attitude control of the spacecraft were evaluated. It was shown 
that at a total vent flow rate Wj “ 30 ag/sec the absolute thrust 
deviation per nozzle, AF^^, could not exceed 14.4 dynes or 0.6 
percent of the noainal thrust. The angular deviation 0 froa the 
y~azis has to be liaited to A0 “ 0.58 degree and the angular 
inclination to the z-y plane cannot be greater than AO “ 0.34 
degree. These are individually iaposed liaits and are the upper 
liaits only if and when neither of the other two paraaeters 
deviates concurrently. 

Five nozzles were built by the vendor which were to be 
evaluated for their usefulness on the IRAS spacecraft. Two 
aethods were eaployed for finding the best natch between a pair 
of nozzles, i.e.. two nozzles which would produce the saallest 
difference between their thrust and appear to have thrust vectors 
which deviate least froa the physical nozzle axis. In the first 
nethod the aass flow rate of each nozzle was established as s 
function of the supply pressure p^. The second aethod eaployed a 
thrust stand which was believed to be capable of aeasnring accu- 
rately an absolute thrust of less than 5 plb. This thrust level 
had been deternined to be the nazinua allowable thrust difference 
between the aatched nozzle pair that was to be aounted on the 
spacecraft. 

3.2 Nozzle Evaluation by Sonic Flow Measureaent 

Five nozzles were aannfac tured. They were aachined to the 
diaensions and tolerances as shown in Figure 9 with a nominal 
throat diaaeter of “ 0.0612 inch. The nozzles were identified 
by their serial nuabers froa S/NOOl through S/N005. 

Each nozzle was evaluated for its sonic flow as function of 
the upstreaa pressure at rooa teaperature. The aeasured rela- 
tions between stagnation pressure and aass flow rate are shown in 
Table 4 and Figure 10. 

According to relation 2 the ideal thrust is a function of 
the aass flow rate W. the stagnation pressure p^. the exit pres- 
sure p and the stagnation teaperature T^. Since both nozzles of 
the heliua vent systea are fed froa the saae aanifold. the dif- 
ference in their thrust is priaarily a function of the flow rate 
through each nozzle. 
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0.120 


0.014 

0.010 


0,118 DIA 


TOLERANCES 



.XXX ±0.01 .XX ±0.03 


Figure 9 ACT Nozzle Design 
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Noxzle 


Data 

Leaat Sqnaxe Fit 

Preaaore 

toxx 

Flow Rate 
■f / aec 

SI ope 

■g/aeo/toxx 

Intexaection 

■g/aec 


0.0 

0.0 




12.04 

2.2912 



S/NOOl 

26.42 

5.2887 

0.21268 

“0.322 


S4.00 

11.069 




93.20 

19.550 




0.0 

0.0 




12.03 

2.2705 



S/N002 

26. SO 

5.2396 

0.20825 

-0.248 


54.06 

11.036 




93.27 

19.168 




0.0 

0.0 




12.15 

2.2377 



S/N003 

26.49 

5.1643 

0.20342 

“0.227 


54.00 

10.766 




93.12 

19.168 




0.0 

0.0 




12.12 

2.2547 



S/N004 

26.24 

5.1554 

0.20734 

-0.259 


53.70 

10.920 




93.04 

19.014 




0.0 

0.0 




12.08 

2.2382 



S/NOOS 

25.88 

5.0704 

0.20933 

-0.314 


53.88 

10.950 




93.17 

19.202 




Table 4 Sonic Flow Neasnreaentt of Nosalet 64874-S 
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Figure 10 Nozzle Calibration of ACT Vent Nozzles #64874-5 
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F„ - Cf Wo (W 

wktf Cf thrnst eo«ffloi«at eoBBon to both 

Bostlos, dyii«t/(g/too) 

Iho SUB of ths two flow rstss hit to sqvsl tho total wont 
flow Wj 

♦ j - + *2 

whsro tho ladlwldiisl flow rates ere a fimction of the opstresa 
pressare p^ and the flow coefficient ai,^ as defined in Table 4. 

•n " "nPo 

By inaorting relation IS into relation 14 the total flow 
rate is found to be 


♦t ■■ Po^*l '*■ *2^ 

The thrust nisaatoh betwec two nozxles is 

AF - Cj(*2 - Wj) (17) 

By saploying again relation 15 in relation 17 

AF - Cfp^(Bi - Bj) (18) 

The total pressure p^ is froa relation l6 

Pq ■ Wj/(b2 B 2) (19) 

By replacing relation 19 in relation lH 

AF " ^ *7^ (20) 

For a noainal thrust ooofficient 

• 347.3 plb/(Bg/sec) 

“ 154.48 dynes/ (ng/ see) 


and a total went flow Vv « 30 ag/ser the following thrust 
aisaatches between nozzle S/NOOl and the reaaining four nozzles 
can be calculated. 

AFj. 2 " 109.57 plb 
AFi_ 3 • 231.92 plb 
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“ 132.48 |ilb 

AFj_ 5 » 82 . 72 |ilb 

A grapbictl representation of the theoretical thrust 
Biamatches is given in Figure 11. From these theoretical values 
the SBsllest thrust Bissatch should be achieved with the nozzle 
pair S/N002 and S/N004. i.e., 

AF2-4 “ 22.81 plb 

»= 10.15 dynes 

The Bsgnitude of this thrust BisBstch is 0.437 percent of 
the noBinal thrust per nozzle F^ = 2.317 dynes in an envirouBent 
with an SBbient pressure equal to the noninal exit pressure of 
the nozzle. The exit pressure of the noBinal nozzle is 

Pg =0.02545 Pq 

The total thrust is the sub of the BOBentuB exchange and the 


pressure differential across the exit plane of the 
the noBinal nozzle the thrust is thus 

nozzle. For 

P = + Fap 

(21) 

where F„ = 8.94x1031^7^^ 

(22) 

= 4.695x102w^T^/2 

(23) 

From relations 22 and 23 it is seen that for the nozzles 
under consideration the thrust which can be attributed to the 


pressure differential across the exit plane of the nozzle contri- 
butes only 5 percent to the total thrust. If accounted for this 
coBponent of the thrust would have only a Binor influence on the 
analysis which assunes an anbient pressure equal to the exit 
pressure of the noninal nozzle. 

The thrust BisBStch AF = 10.15 dynes would Bean a deviation 
of AFq^ = 5.08 dynes per nozzle at a total vent flow rate Hj “ 30 
Bg/sec. The tightest tolerance on the thrust is denanded for 
1 is i ting the torque around the z-azis. According to Figure 7 the 
nozzle pair is within the established tolerance for both parame- 
ters, F and if each nozzle's thrust vector is aligned within 
9 = 0.375 degree of the y-axis. Thv largest permissible 
misaligUBent of each thrust vector 0 = 0.58 degree is only accep- 
table with a perfect thrust match between the two nozzles. i.e.. 
AF - 0.0. 
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S/KI002 S/Nm S/NCXM S/SlvX)5 

Figure 11 Calculated Thrust Mismatch Between Nozzle S/NOOl 
and Nozzles S/N002 through S/N005 
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3.3 Testing of ACT Nozzles on MERTS Thrust Measuring Stand 

The evaluation of the nozzles based on the sonic flow rate 
was not considered adequate for deteraining the possible thrust 
aisaatch between two nozzles. It was therefore decided to test 
the nozzles on the MERTS thrust aeasuring stand and generate 
absolute thrust difference values for a selected pair of nozzles. 

The MERTS thrust stand is a device which was designed and 
built to aeasure thrust vectors of the order of 1 plb. It indi- 
cate). the lineai.' displaceaent of a beaa which rotates due to a 
thrust force at its end. The thrust aeasuring device is there- 
fore not aeasuring the absolute thrust of a jet. but the torque 
resulting froa a thrust vector whose origin is located at the end 
of the beaa. Noraally the assuaption is aade that the thrust 
vector is perpendicular to the beaa and thus parallel to the 
aagnetic force or the pull of a weight which are used for cali- 
brating the thrust stand during testing. 

Instead of aounting a single fully self-contained thrust 
unit on the thrust sta' J. a aanifold with two opposing nozzles 
was attached to the platfora and a Teflon tube was added to the 
thrust device to carry heliua froa the outside of the vacuua tank 
to the aanifold. By adding Teflon tubing to the setup a basic 
change in the thrust aeasuring device was introduced. A resis- 
tance to the restoring torque of the thrust balance was added 
whose absolute value and linearity were not known. Thu MERTS 
thrust stand had been designed and operated specifically without 
leads of any kind crossing the torque joint. The test data which 
were obtained during testing of the ACT nozzles on this thrust 
stand are therefore not consistent. Most of the thrust values 
deduced froa the data appear to lie within the noise level of the 
thrust indication of the aodified thrust stand. 

The accuracy of the thrust aeasuring device in its aodified 
configuration is deaonstrated by the correlation between the 
calibration force and the displaceaent transducer output as shown 
in Figure 12. With a calibration force of 10 plb the transducer 
output indicated froa 4.5 to 7.3 divisions on the strip chart at 
a aean of 6 divisions. The accuracy of the indicated thrust can 
therefore not be better than 46.67 percent in the thrust regiae 
of interest. The least consistency in the thrust indicati >n is 
observed when it was negative, i.e.. opposite to the thrust 
indication of the calibration force. Hiis is shown by the corre- 
lation of the thrust aisaatch between nozzles S/NOOl and S/N002. 
In the first test the two nozzles were arranged to produce a 
positive thrust indication, nozzle S/NOOl having the higher 
thrust level. In the second iaaediately following test the 
thrust indication was negative at all flow rates because the two 
nozzles had been interchanged in the aanifold. The results of 
these two tests are shown in Figure 13. 
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Figure 12 Repeatability of Calibration of Micropound 
Thrust Stand (HERTS) 




Figure 13 Indicated Thrust Mismatch Between Nozzles 
S/NOOl and S/N002 
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In a third test series these two nozzles were tested sgsin 
for evslnsting the thermal effects on the nozzle thrust balance 
at a total flow rate “ 20 mg/sec. The results of this test 
are shown in Figure 14. The data appear to be very consistent 
and reveal that when nozzle S/NOOl is exposed to heat, the thrust 
mismatch between the two nozzles will change according to the 
relation 

A(AFt) = -0.8127 AT 

where AT change of temperature of nozzle 

S/NOOl, K 

When nozzle S/N002 was heated the thrust difference in- 
creased by the relation 

A(AF^) » 0.8916 AT 

In this test series the indicated thrust mismatch between 
the two nozzles was only about AF2_2 ^ |Jil^ when both nozzles 

were at room temperature. This compares with the thrust mismatch 
of AFj = 8.5 plb which was measured in previous tests. These 
test results seem to confirm that the absolute thrust could not 
be measured with an accuracy of better than 42 percent at these 
low differential thrust levels. 

In a test series which was designed to determine the thrust 
mismatches of all nozzles with respect to nozzle S/NOOl when 
venting 30 mg/sec of helium, the thrust differences as shown in 
Figure 15 were measured. From the differences AF 2_3 and AF ]^_4 s 
thrust mismatch between nozzles S/N003 and S/N004 of AF^.^ = 20.5 
dynes is indicated. This agrees quite well with the test data 
shown in Figure 16 when the two nozzles were directly compared on 
the thrust stand. 

In Figure 17 the test results obtained during the direct 
comparison test between nozzles S/N002 and S/N004 are presented. 
When the two nozzles are mounted in the thrust stand such that 
the resulting indicated thrust is negative, the test data are 
very inconsistent. However, when the indicated thrust is posi- 
tive a good correlation between thrust mismatch and total flow 
rate was generated. At a total flow rate ilj 30 mg/sec an 
apparent thrust mismatch between this nozzle pair AF 2_4 ~ 7.3 (ilb 
(3.25 dynes) was indicated. From the indirect evaluation of the 
thrust mismatch between these two nozzles, as was shown in Figure 
15, a thrust difference of only AF 2_4 = 1 plb would have been 
predicted. 
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Figure 14 Thrust Mismatch Between Two Nozzles Due to Temperatur 

Di f f erence 





Figure 15 Measured Thrust 
Rozzles S/N002 
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Figure 16 Indicated Thrust Mismatch Between Nozzles 
S/N004 and S/N003 
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Figure 17 Effect of Torque Direction on Indicated 
Torque 
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3.4 Ettinate of Angolar Deviation of Threat Vector 

In the description of the HERTS thrnst aeasoring stand it 
vras shown that the device does not Beasnre a thrnsc but a torque 
froa which the thrust is deduced by assusiing that the direction 
of the thrnst vector is known snd equal to the vector of the 
applied force used in calibrating the thrnst stand. Conversely, 
it is possible to deteraine the direction of the thrust vector in 
the torque plane by aeasnring the torque when the aagnitude of 
the thrnst vector is known. Since the angular deviation of the 
thrust vector froa the y-axis has been shown to be a aajor para- 
aeter affecting the stability of the spacecraft (Figures 5 
through 7), an atteapt was aade to deduce this value froa the 
theoretical thrust and the aeasured torque, thereby bracketing 
the angular thrust vector deviation of the selected two noxzles. 
S/N002 and S/N004. 

Froa the derivation of the torque relation for the thrust 
aeasnring stand as presented in Appendix B. the torque due to two 
nozzles aonnted opposite to each other is given by 

F]^cosO^[(L-'h]^sina)cos(a'i' 02 ^ “ h]^sin(o+0)coso 

“ F2Cos[(L*-h2Sina)cos(a*t02) + h2sin(o+02)cosa] (24) 

inclination of the thrust vector 
with respect to the torque plane, 
degree 

0Q inclination of the thrnst vector 

with respect to the aanifold axis 
in the torque plane, degree 

a inclination of the aanifold. degree 

L torque era. ca 

h^ aanifold length, ca 

In the test setup the torque ara L and the aanifold lengths 
h^ and h 2 were 


T - 


where 


L ■ SO ca 

hi - h 2 " 30 ca 

The theoretical thrust of nozzle n is given by 

“ {(CfWj)/(ai + a2))an (25) 

To evaluate an upper bound of the angular aisalignaent it 
can be assuaed that all effects on the torque due to the 
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■it?' ignacat of tho individval throat vaotora caa ba attribotad 
to tha ■laallgaaaat of oaly oa« of tha two aoztlaa with raapact 
to tha othar aoiila which ia folly aligaad, i.a., 

• 0.0 

•2 • 0-0 

Fortharaora it will be aaaoaad that tha aaaifold was aooatad 
00 tha throat ataod withoot aagolar aiaaligaaaat* i.a., 

a * 0.0 

For thaae cooditioaa tha torqoe relatioo 25 radocas to 
T/L ■ Fj^cosO^ [coaij^ - (h|/L)sin#] - ¥2 

For aozzles S/N002 aad S/N004 tha factors a are froa 
Table 4 


*2 " 0.2082S ag/torr 
a^ “ 0.20734 ag/torr 
aad the throat factor C£ is 

C£ » 154.48 dyoas/(ag/sac) 

At a total flow rate of Hj “ 30 ag/sec the aost likely 
apparent torqoe 00 the throat staad resol ting froa tbe throat 
vectors of the two nozzles was 

T ” 4.4481zL dyn-ca 

The aagnitode of the two throat vectors can be evaloated 
froa the flow rate aeasoreaents to have been 

F 2 “ 2,322.27 dynes 

and 

F^ - 2,312.13 dynes 

so that the actnal throat aisaatch coold have been 

AF 2_4 “ 10.15 dynes 

This absolnte throat difference coold not have been estab- 
lished by testing tha nozzle pair on the throat stand as only a 
torqoe can be aaasored with this device. The aost likely coabi- 
nations of angnlar aisalignaant that coold have prodoced the 
aaasored torqoe with the probable throat vectora can be ascer- 
tained froa 
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«1 - oo»'*^([(AT/L) 4 F2l/Fitoo»#i - (hj/Dtlniil ) (27) 

Th0 Baxiaai tn|lt ^Xats htv0 ooonrttd when 

“ 0.0 

or 

001 0 ^ > 1 
0 ■ oot“^l 

87 lotting the velu in the bracket equal to 1 

- 6 - aln'^CKAT/L) + FjlainA/Fil (28) 

where 8 ■ tan“^l/(h/L) (29) 

All pottible eoBbinationa of the two angles O^ and $i of the 
thrust vector are presented graphically in Figure 18. Tlie aost 
likely coebination would be for the two angles to be approziaate- 
ly equal. It would then be estiaated that 

Oj^ ■ #2 ■ 0.75 degree 

This conclusion is based on the following consideration. 
When angle 0 reaches its aaziana 0a>x " 0.7506 degree, angle 0^ “ 
0.0, which is aost unlikely. When the angle 0^ is less than #1 “ 

0. 75 degree, angle 0^ *>^ch larger than angle 0]^. which 

again is not likely to occur. Therefore, it would be aost prob- 
able for the two angles 9 and 0 to have been approziaately equal. 
Since the calculated angles are actually the sua of two angles, 

1 . e . , 


0 » 0j 4 02 
9 - Oj 4 O 2 

each nozzle can be charged with one half of the a^.'^rent 
aisslignjient angle, i.e., 

02 ~ 04 * 0.375 degree 

^2 * 0*375 degree 

This vslue is slightly higher than the the allowable value 
9 “ 0.343 degree 

for aaintaining stability around the y-azis as shown in Figure 6. 
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Figure 18 Possible Angular Thrust Vector Misalignment 

Combinations for the Measured Torque with Nozzle 
Pair S/N002 and S/N004 
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SECTION 4 


CQNaUSIONS 

The enalysis of the ACT nozzles indicated rather severe 
restraints on the allowable aisaatch between the two thrust 
vectors with respect to their absolute aagnitude and their 
lar ai sal ignaent. For a torque correction capacity T^ SzlO 
dyn-ca and a total vent flow rate %>j> - 30 ag/sec, the aaziaua 
deviation of the thrust vector could not be larger than AF = 14.4 
dynes or no aore than 0.6 percent of the noainal thrust. The 
angular aisalignaent of the thrust vector had to be restricted to 
0.34 degree. 

The various test data which were generated by flow and 
torque acnsureaents peraitted the selection of two nozzles whose 
thrust differed by less than the allowable aaziaua value. An 
estiaate of the aost likely thrust vector aisalignaent which was 
based on the flow tests as well as on the thrust stand data of 
nozzles S/N002 and S/IW04 indicated a probable angular aisalign- 
aent slightly higher than the permissible value, i.e., 0.375 
degree vs. 0.34 degree. 

Since the upper bounds of the torque correction capacity 
were based on the assumption of some degradation of the actual 
design torque crpacity of the attitude control system and since 
furthermore the thrusts resulting from the venting of helium were 
based on the upper limits of the venting flow rate, the prob- 
ability of destabilizing the IRAS spacecraft by activating the 
ACT Low Thrust Venting System appeared to be very low. 

The selection of the two vent nozzles and their aonnting 
proved to satisfy all the requirements for safe venting of heliua 
within the capability of the attitude control systea. The space- 
craft has been performing under full control of its attitude 
control system during the entire tiae when cooling of the ACT was 
required. 
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APPENDIX A 


CONVERSION OF SPHERICAL COORDINATE ANGLES 

TO 

aOCK AND CONE ANGLES 

The ideal nozzle axis is along the y-azis of the spherical 
coordinate system. The angular inclination of the thrnst vector 
to the y-azis is considered the cone angle a. The vector when 
projected onto the z-z plane has a clockwise angnlar displacement 
from the positive z-axis which is considered the clock angle 

In the spherical coordinate system the thrust vector has an 
angular displacement with respect to the z-y plane equal to the 
angle 0. When the vector is projected onto the z-y plane it has 
an angnlar displacement with respect to the positive z-azie equal 
to the angle 0. 

The y-component of the unit vector can be expressed in the 
two coordinate systems by 

y = sinWcosG (A-la) 

y = cosa (A- lb) 


The z-component of the unit vector can be expressed in the 
two coordinate systems by 


z - sinacos^ (A-2a) 

z = sin0 (A- 2b) 

By equating relations A-la with A-lb and relations A-2a with 

A-2b 


cosa = sin0cosG (A-3) 

sinacosp *= sinG (A-4) 

When solving relations A-3 and A-4 for the cone angle a and 
the clock angle 0 the two transfer relations for the two 
coordinate systems are found. 

a *= cos”^( sin0cos0) (A-5) 

p *= cos“^{sin0/(l - sin^0cos^0)^^^} (A-6) 
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APPB4DTX B 

NEBTS 1BSDST MEASURING DEVICE PRINCIPLE 

For the evelution of the observed displiceaent of the thrnst 
bslance during testing of the ACT nozzles the relationship of the 
■ajor paraaeters affecting the indicated thrust have to be 
deterained. The geoaettrical value*- that influence the output of 
the thrust aeasuring device are »ho n in Figure B-1. 



Figure B-1 Geometrical Parameters of the MEETS Thrust 
Balance 


The thrust components of the two nozzles along the z-azis 

are 

Fj 2 = F^cosB]^cos(a+02) (B-1) 

Fj 2 “ F2COs62Cos(a+02) (B-2) 

The thrust components of the two nozzles along the y-azis 

are 


Fyj = F2CosO2sin(a-<-02) 

(B-3) 

Fy2 = F2Cos02»i®(»+®2^ 

(B-4) 
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The total torque inpoaed upon the thrust device by the 
exhaust of the total vent flow through the two noxzles is 
therefore 


T - F^cosO^I “ h2sin(a+0i)cosal 

-F2COsO2l(L+h2Sina)cos(o+02) + h2Sin(a+02)cosa] (B-5) 
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